Introduction
Damage to the environment, including forests, inland water, and soil, due to acid rain has become a problem in recent years. One of the causative substances of acid rain is sulfur oxide that is discharged to environments due to the combustion of coal and petroleum. Sulfur oxides in the atmosphere enter the soil, rivers and lakes via rain and snow, and gradually acidify environments. It is very important to accurately determine sulfate ions in environmental waters such as river water and lake water in order to examine the actual state of damage caused by acid rain. However, conventional analytical methods for sulfate ion, such as nephelometric methods and spectrophotometric methods using barium chromate, have drawbacks such as the use of poisonous reagents, complicated operation and lack of reproducibility. [1] [2] [3] The ion-selective electrode (ISE) method is a promising analytical method for the determination of sulfate ion because the ISE has excellent characteristics such as simple operation, wide dynamic range, ease of automation, ease of fabrication and applicable to colored samples. [4] [5] [6] However, the selectivity and sensitivity of the ISE to sulfate ion is not often enough for the determination of sulfate ion in environmental waters. Furthermore, synthesis of anion ionophore selective to sulfate ion is very laborious work.
Sulfate ion is quantitatively precipitated with 2-aminoperimidine hydrobromide (Ap). 7 The nephelometric, 7 spectrophotometric 8 and potentiometric titration 9,10 methods using Ap for the determination of sulfate ion are very promising. At the same time, modifications of these methods using Ap have been developed for the determination of sulfate ion. [11] [12] [13] [14] [15] For example, Shida et al. applied the method, which is based on the collection of Ap-SO4 precipitation on a membrane filter and dissolving of the filter and precipitate in organic solvent, to the spectrophotometric determination of sulfate ion. 15 The method developed by Shida et al. offers high sensitivity, however, the procedure is very complicate and a poisonous organic solvent and membrane filter are used.
After the excess Ap is added to the sulfate ion in the sample, and precipitation of Ap-SO4 is formed, then the sulfate ion is determined by detecting the concentration of the remaining Ap ion. In the previous paper, 16, 17 we reported an optode based on 2-nitrophenyl octyl ether-plasticized poly(vinyl chloride) (PVC) membrane incorporating tetrabromophenolphthalein ethyl ester (TBPE) for the determination of cationic surfactants. The optode is expected to respond to the Ap ion because Ap has a relatively hydrophobic property.
In this paper, we proposed a simple determination method for sulfate ion using the optode based on the principle described above.
Experimental

Reagents and chemicals
PVC powder and tetrabromophenolphthalein ethyl ester potassium salt (TBPE-K) were obtained from Wako Pure Chemicals Co. We obtained 2-nitrophenyl octyl ether (NPOE) from Dojindo Laboratories. Ap was obtained from Tokyo Chemical Industry Co., Ltd. All other chemicals of reagent grade were used as received.
Preparation of optode membrane based on TBPE and standard procedures for the determination of sulfate ion
The optode membrane based on TBPE was prepared as follows.
extracted into the NPOE phase. After the NPOE phase and water phase were separated by centrifugation (10 min), the NPOE phase (1.5 g) and PVC powder (0.30 g) were dissolved in 7.5 mL of tetrahydrofuran (THF). The resulting THF solution was poured into a glass plate (1 × 3.5 cm, thickness: 1 mm) and left for 15 min. The glass plates coated with the optical PVC membranes were used as an optode. A 1.0-mL volume of 11000 μM Ap solution was added to 10.0 mL of a sample solution containing sulfate ion. The solution was stirred for 1 min and let to stand for 4 min. Next, a 0.115-mL volume of 1.18 M acetic acid-sodium acetate buffer solution (pH 3.4) was added to the solution. The glass plates coated with the PVC membranes were fixed in disposable cuvettes (4.5 cm high, 1.25 cm long, and 1.25 cm wide) filled with 2.5 mL of the sample solution prepared by the method described above and the absorbance of the optode membrane was measured with a spectrophotometer (JASCO, V-530-iRM) at a wavelength of 599.5 nm.
Results and Discussion
Absorption spectra of the optode membrane for Ap solution
The proposed method is based on the detection of excess Ap ion after sulfate ion is precipitated with Ap ion, quantitatively. Therefore, at first, absorption spectra of the optode membrane as a result of the soaking in 200 μM Ap solution containing several buffer solutions (10%, v/v) for 5 min were examined. Figure 1 shows the absorption spectra of the optode membrane for the Ap solution. In this case, the absorption spectra of the optode membrane were shown by subtracting the absorption spectrum for the blank solution from the absorption spectrum for 200 μM Ap solution. At pH 3.4 -8.0, the maximum absorption wavelength for Ap solution was 599.5 nm. At pH 8.0 and 10.1, TBPE in the optode membrane was dissolved into the Ap solution. Based on the result, the response of the optode membrane to the Ap ion was examined at a wavelength of 599.5 nm.
Calibration curves for Ap ion and sulfate ion using the optode membrane
Among several pH examined, in the case of pH 3.4, the widest dynamic range between the absorbance and concentration of Ap ion in the concentration range from 0 to 900 μM was obtained.
Based on these results, 1000 μM Ap and pH 3.4 was used in order to determine sulfate ion. Absorbance of the optode membrane increases as its soaking time increases. This may be because the moving speed of excess Ap ion in the optode membrane is very low and hence, the response time of the optode membrane to the Ap ion is very long. However, in the case of the soaking time of 5 min, the optode membrane responds to sulfate ion in the concentration range from 20 to 400 μM, as shown in Fig. 2 . In subsequent experiments, soaking time of 5 min was used as a compromise between sensitivity of the optode membrane and sample throughput. As shown in Fig. 2 , a linear relationship (r 2 = 0.9973) was found to exist between absorbance of the optode membrane, and concentration of sulfate ion in a concentration range from 20 to 400 μM under the optimal conditions described above. The graph equation is Y = -0.0019X + 0.8750 for sulfate ion. Where, Y is absorbance of the optode membrane and X is μmolar concentration of sulfate ion in the sample solution. The relative standard deviations of the absorbance examined by 3 replicate measurements of 50 and 200 μM sulfate ion were 2.6 and 3.2%, respectively.
In the case that the optode membrane is regenerated with 0.1 M HCl solution for 20 min more than 5 times, absorbance of the optode membrane often did not return to the original level of absorbance. Therefore, we concluded that the optode can be used for 4 measurements with regeneration with 0.1 M HCl solution for 20 min.
Effect of coexisting ions in the sample solution on the determination of sulfate ion
The effect of coexisting inorganic electrolytes on the determination of sulfate ion must be examined in order to apply the proposed method to the determination of sulfate ion in real environmental water samples. The effects of the coexisting inorganic ions on the determination of 200 μM sulfate ion are shown in Table 1 . The coexistences of inorganic ions at 20 times excess to sulfate ion did not interfere with the determination of sulfate ion within an error of ca. 10%.
Application of the optode membrane to the determination of sulfate ion in environmental water samples
Comparisons between the concentration of sulfate ion in environmental water samples obtained by the proposed optode method, and that by the conventional spectrophotometric method 2 are shown in Table 2 . The analytical results of sulfate ion in environmental water samples were in good agreement with those obtained by the conventional spectrophotometric method within an error of ca. ±9.0%. These results suggest the proposed determination method of sulfate ion using the optode is applicable for the determination of sulfate ion in environmental water samples. However, the proposed method may not be applied to the determination of sulfate ion in surface water containing humic acids and anionic surfactants with high concentration because an ion associate may be formed between the excess of Ap and humic acids or anionic surfactants in surface water.
Conclusions
Sulfate ion in the concentration range from 20 to 400 μM was determined by the developed optode method. Coexisting substances in 20-fold excess to sulfate ion do not interfere with the determination of sulfate ion within an error of ca. 10%. Concentration of sulfate ion by the present method was consistent with that obtained by the conventional spectrophotometric method for the determination of sulfate ion in real water samples within a relative error of ±9.0%. Sensitivity of the proposed optode method for sulfate ions is comparable to that of conventional methods, or lower than that of conventional methods by about one order of magnitude. [1] [2] [3] [7] [8] [9] [10] [11] [12] [13] [14] [15] However, the procedure of the proposed optode method is much simpler than that of the conventional methods, and sample throughput of the proposed optode method is much higher than that of the conventional methods. [1] [2] [3] [7] [8] [9] [10] [11] [12] [13] [14] [15] Furthermore, the proposed optode method does not use poisonous organic solvents and membrane filters, which are used by Shida et al. 15 The optode membrane was used for 4 replicate measurements with regeneration with 0.1 M HCl for 20 min. The proposed optode method is useful for the determination of sulfate ion in environmental water samples. a. Average concentration ± standard deviation in multiple measurements (n = 9). Tap water: A (4 times dilution, Chuo-ku, Tokyo, Japan), B (4 times dilution, Nerima-ku, Tokyo, Japan), C (4 times dilution, Minuma-ku, Saitama, Japan). River water: A (2 times dilution, Ohori River, Kashiwa, Chiba, Japan), B (2 times dilution, Naka River, Yoshikawa, Saitama, Japan), C (2 times dilution, Shakujii River, Nerima-ku, Tokyo, Japan).
